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Chapter 1: Introduction
1.1 Background
Water is the most crucial factor for the living system of the planet, and it is a
delicate and a finite compound. The human being is mostly water, and his body needs a
certain amount of water to work as a perfect machine and to prevent illnesses.

According with Wang et al. [1] the normal body of an adult human is formed by
60% water. A great part of the water is contained inside the cells. Cells need water to
stay alive.

The primary area where the body is using the water is: inside the cells (two-thirds
of the water), in the area between the cells and in the blood (one-third of the water).
Besides, all the vital organs have or contain varying quantities of water such as the
brain, lungs, heart, liver and the kidneys, these quantities varying from 65 to 85%.

Therefore, the consumed water has to have some characteristics and properties
to maintain physical health if the water doesn’t achieve those characteristics some
action has to be done in order to eliminate, remove or dissolve the impurities that can
cause the change of the chemical and physical properties of the water.

One of the biggest challenges of water purification is desalination. Different
instruments and methods are currently in use and being developed to desalinate in an
effective way water for human consumption. Electrodialysis is an example of these
methods. Electrodialysis is used to transfer salt from one solution, called diluate, to
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another solution called concentrate by using an electric current. This is performed in
an electrodialysis cell providing all necessary components for this process. The
concentrate and diluate are divided by the membranes into the two different process
streams. An electric current is applied, moving the salt over the membranes. Inside an
electrodialysis component, the solutions are separated by consecutively arranged anion
exchange membranes, permeable only for anions and cation exchange membranes,
permeable only for cations. After this process some salts such as sodium sulfate remain
after the water treatment. Sodium sulfate can be found in three forms - salt cake,
Glauber's salt, and niter cake. Sodium sulfate is usually found in nature as Glauber's
salt, known as mirabilite, and as the anhydrous sulfate, thenardite, which is a significant
component of a number of compound minerals, such as glauberite, vanthoffite, bloedite,
and aphthitalite, and of the waters of many natural brine and playa lakes.

Sodium sulfate was formed during millions of years naturally by igneous rock
erosion. The sodium that is contained in these rocks is eventually eroded and is
transported in the water, and it is gathered in natural basins, where it mixed with sulfur.
This chemical reaction produces a precipitate, which is sodium sulfate.

The sodium sulfate and its constituents can hold water molecules such as in the
decahydrate form that contains ten molecules of water and the anhydrous form with no
water molecules.

Sodium sulfate is a chemical compound that can be found as a mineral
compound in nature or as a result of some manufacturing procedures as a byproduct. It
has a variety of commercial applications. Sodium sulfate can be used in soaps and
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detergents; a large amount of sodium sulfate has been used in powdered detergents as
filler during the last 30 years. This took place because phosphates, which were
traditionally used as fillers in powder detergents, were discovered to be detrimental to
the environment. However, sodium sulfate use has begun declining as well, the need for
filler has gone down, due to the trend toward using concentrated liquid detergents
instead of bulkier powder formulas. It is still used in carpet powders and window
defrosting applications.

Tons of sodium sulfate are used for coloring textiles. It is a convenient compound
for this purpose since it does not corrode the stainless steel vessels as sodium chloride
does. Sodium sulfate is a by-product of rayon production. Sodium sulfate is a leveling
agent, reducing negative charges on the fibers, which allows the dyes to access into the
fibers evenly.

Wood Pulp is one of the most recognized and well-known uses for sodium sulfate
compound. The Kraft process, also known as the sulfate process, of wood pulp
manufacturing, is commonly used to make paper products and office supplies. The Kraft
system has been the dominant method of wood pulping for the past decades. The wood
pulping system is based on the saturation of the wood pieces with sodium sulfate
solution, after been soaked into the sodium sulfate the wood is heated, producing a
reduction of the sodium sulfate into sodium sulfide. This breaks the bond in the cellulose
of the wood, making it workable.

Sodium sulfate is also used in the manufacture of glass. Sodium sulfate avoids
layer pattern in the melted glass during refining and also changes the glass structure.
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The compound also participates as a fining agent in melted glass, removing small air
bubbles and defects through the blowing and casting processes.

Sodium sulfate eliminates water from compounds. In the laboratory, sodium
sulfate is often used as an inert drying compound for organic materials. Another
principal use of sodium sulfate is in thermal storage, because it has a high heat storage
capacity.

Inspection of virtually any bottle or container of soap or detergent product will
show some content of sodium sulfate, and it is also used in other manufacturing
industries such as paper and textiles.

Sodium sulfate is categorized as non-toxic and has no strict regulations for
handling stipulated by the MSDS; therefore, it can be used in many industrial
processes, and it has many other commercial uses. Sodium sulfate is generally used for
the production of cleaners and in the Kraft system of paper pulping; however, it has
several other applications. Approximately half of the world's manufacturing is from the
natural mineral form of the decahydrate (mirabilite), and half from by-products of
chemical processes. Not all the sodium sulfate is obtained by natural sources. It is also
obtained as by product of some industrial processes.

This compound is chemically

extremely stable, it does not degrade, even if heated, and it does not interact with
oxidizing agents or with sulfate reducing bacteria at standard temperatures. At elevated
temperatures it can be reduced to sodium sulfide.
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When anhydrous, it is a white crystalline solid of formula Na2SO4. The
decahydrate, Na2SO4+10H2O, is known as Glauber's salt.

1.2 Challenge
This thesis describes experimental research about the recovery of Sodium
Sulfate (Na2SO4) after the process of electrodialysis by using crystallization as a
sustainable process to reduce the waste after the water treatment and to recover and
purify the salt that can be used for commercial purposes. The study as motivated by a
real situation in which a well water in New Mexico is contaminated by sodium sulfate
and arsenate, The sodium sulfate can be recovered by concentrating it by reverse
osmosis and Electrodialysis, but those processes also concentrate the arsenate. The
sodium sulfate would have economic value if it can be recovered in an arsenic-free
form. Otherwise the arsenic-contaminated sodium sulfate is a waste that requires safe
disposal.

Most of the substances used in some industries process are isolated in their solid
form. Crystallization is the ultimate chemical purification in some treatments, is also a
solid-liquid separation system, in which mass transfer of a solute from the liquid mixture
to a clean frozen crystalline form. The principle in which the crystallization is supported
is the solubility phase in which the solutes are more soluble in the in hot solvents than in
the cold ones. When a warm saturated solution of sodium sulfate is cooled, it becomes
supersaturated, and crystals of the pure compound are formed. Slow cooling allows
crystals of bigger sizes to grow and to eliminate impurities.
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Crystallization is a natural or synthetic method to remove or isolate one or more
compounds from a mixture. This process involves several parameters that influence the
desired product form, but there are some challenges like the properties of the
compounds involved in the mixture. For that reason, it is necessary to establish the best
method for the desired crystallization.

The solid-liquid equilibrium (SLE) behavior provides a basis for crystallization
process design [2]. This (SLE) depends on some thermodynamic processes that can
change or stop the crystallization process from occurring, meaning that under certain
conditions in the process crystals may not grow or an undesirable type of crystals could
be the formed.

There are crystallization techniques to create nucleation in the mixtures. Some
of these crystallization processes occur naturally, and others have to be controlled for
successful crystallization. Some of these techniques are quite simple, and others are
extremely complex, one of the simplest techniques is solvent evaporation, which is
based on the volatility of the sample.

The slow cooling is a crystallization technique that is commonly used for less
soluble solutions, in this process, the solution is heated below its boiling point and then
cooled slowly in order to develop crystals.

Other crystallization techniques are used for crystal development. In this
experimental research, two methods are used to crystallize the Sodium Sulfate
decahydrate. The first method is the vacuum evaporative crystallization that grow
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crystals using vacuum to reduce the temperature inside the system until the nucleation
is reached. The other type of crystallization is the Heterogeneous upflow, co-current
chilling-tower using a cold surface to grow crystals.

These two types of crystallization are developed using innovative equipment to
obtain pure sodium sulfate crystals.

These methods were chosen because a

supersaturated solution in a slow crystallization process can create bigger size crystals.
Natural crystals have defects, due to the uncontrolled environments in which they were
made, these defects often contain impurities. Those impurities are defined as an
intruder that replace or occupy a place inside the structure of the crystal. Hutchinson et
al. said that the size and morphology of the crystals varies with the impurities involved
[3]. The principal reason to choose these types of crystallization is because impurities
may settle temporarily in the growing crystal network, but they rapidly leave the system
when a suitable crystal comes in to take their place. The appropriate crystals stay more
freely in the growing pattern, and finally pure crystals are formed as shown in Figure 1.

Figure 1 Slow cooling crystallization.
.
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Figure 2 shows what occurs if crystallization happens extremely rapidly. The
impurities are caught inside the crystals being formed; thus, the crystals isolated are
impure, and the size of the crystals is too small. This process is called occlusion.

Figure 2 Fast cooling crystallization.

The efficacy of separation of sulfate from arsenate can be characterized by a
separation factor (SF), calculate as:

𝑆𝐹 =

�

�

𝑐𝑆𝑂42−
�𝑐𝐴𝑠𝑂3− �
4

𝑐𝑆𝑂42−
�𝑐𝐴𝑠𝑂3− �
4

𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

Where the numerator is the ratio of concentrations of sulfate and arsenate in the
crystal formed by the process, and the denominator is the ratio of concentrations of
sulfate and arsenate in the initial solution.

The sodium sulfate can generate larger crystals for the combination with the
water solution with a monoclinic form in the decahydrate form. When the temperature of
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sodium sulfate exceeds 33°C, the morphology and the structure of the crystal change,
and the sodium sulfate become anhydrous. The best prospect for forming pure crystals
is mirabilite, which is the decahydrate form in which the crystals are larger.

In the Figure 3, the solubility of the sodium sulfate is plotted against temperature.
In this thesis, the main focus will be the crystallization of sodium sulfate to be separate
from its impurities. The impurities affect the transition point of sodium sulfate, which is
the stage between solubility and temperature where the sodium sulfate decahydrate
became anhydrous [4]. This point is at 32.38 °C, and it is affected by impurities that can
reduce the transition temperature. This means that the temperature of the transition
from hydrated to anhydrous sodium sulfate crystals can be less than 32.38°C,
depending of the type and concentration of impurities.

Figure 3 Solubility of Na2SO4 and saturated NaCl solution. Modify from Espinosa-Marzal [7].
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Figure 3 indicates that for a pure solution of sodium sulfate the crystal structure
changes from mirabilite (decahydrate) to thenardite (anhydrous) when the temperature
rises above 32.38°C. However, when the solution is saturated with NaCl, both the
solubility and the transition temperature are lower.

1.3 Goal and objectives
The goal of this research is to obtain pure crystals of sodium sulfate decahydrate
(Na2SO4 10H2O) by using crystallization.

Thesis have three basic objectives in which the experimental developed is based
on, this three objectives are:

1) The first objective of this research is to incorporate certain parameters to
create an experimental model for the development of crystals controlling
these parameters and measure other different variables.
2) The second objective is to use homogeneous rotary-vacuum crystallization to
create crystals of large size using vacuum evaporation to decrease the
temperature and grow the desire type of crystals.
3) The last objective is to recover the sodium sulfate decahydrate in its crystal
form by heterogeneous upflow, co-current chilling-tower.
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Chapter 2: Literature Review
2.1 Sodium Sulfate Characterization
In the past years, crystallization has been an important method for the study and
characterization of sodium sulfate. One of these studies was made by Ferraris et al. [5].
In his work he explained that, both the thernadite and the mirabilite under real
conditions precipitate from a saturated solution of sodium sulfate at room temperature,
controlling or changing some parameter or characteristics such as relative humidity, and
increasing the evaporative rate. When the evaporative rate increases the concentration
of the thenardite increases, but at equilibrium conditions the thenardite is not expected
to crystalize. The crystallization of the thernadite occurs at below 32.4 °C due to the
heterogeneous nucleation of a defect-rich support. Tsui et al. [6] in their experiments
demonstrated that a stone containing thenardite experiences excessive damage when
exposed to water below the temperature limit of mirabilite stability. This is due to a shift
between thenardite and mirabilite, and not to thenardite reprecipitation.

Similarly, other important research about the sodium sulfate was made by
Espinosa et al. [7]. Using a dynamic mechanical analysis (DMA) they demonstrated that
sodium sulfate heptahydrate precipitates before the decahydrate, this experiment was
performed with a range of temperature between 15 and 7 °C. When the temperature
reaches 0°C or below the decahydrate precipitates. They explained that the
crystallization process for each of these salts is completely different and that the
pressure has an important role for the decahydrate, but pressure is not so important for
the heptahydrate.
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2.2 Crystallization process
In this research Saidov [8] describe that crystallization of sodium sulfate can be
produced or help by supersaturation, either by drying or by cooling of a sample.

Explaining that supersaturation is the amount of solute higher than the
equilibrium concentration, that can be crystallize, he also indicate that during cooling
crystallization, the sodium sulfate in form of crystal (mirabilite) in its solubility line have
any change of the concentration, referring that is still in supersaturation state with
respect to mirabilite.

Viscayno et al. [9] described that the mirabilite have a shape of prism and is a
powdery surface and the thernadite form have also prismatic form but in small crystals.

Also Sahin et al. [10] described experiments in which they had supersaturation
to produce crystals, and they observed that a solution with impurities has a higher
crystals growth rate compared to a pure solution. Libbrecht [11] described that the size
and morphology of the crystals vary with the impurities related to the solution in which
the crystallization is required, providing a model to detail the intervention of the
impurities on the crystal growth process. In the research for this thesis an impurity
(Arsenic) is added to the solution.

Crystallization is a really complex process that can have multiple variables and
can be performed by diverse techniques and with different approaches. One example of
that is described by Cubillas et al [12]. In that work it is observed that any crystallization
process is initiated by the formation of nuclei in a supersaturated solution. Nucleation is
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described as a formation of molecules that keep their size or certain size with enough
time to grow more crystals or macroscopic crystals. Therefore, a solution in the process
of crystallization needs to have the number of molecules necessary to complete an
effective nucleation, while more molecules cause more super saturation.

In another example Auer et al. [13] used classical nucleation theory as an
approach to analyze the nucleation of crystallization, based on the situation that the
nuclei occur spontaneously in a saturated solution, because the kinetic factor and the
critic pressure are so small.

Benkhelifa et al. [14] using a mathematical model for the ice crystal in the stage
of continuous freeze, based on the crystal size and composition, to make a 1d
approach, obtained the residence time and radial heat exchange to modeling the
crystallization process.

Liu [15] described, a Generic mechanism of heterogeneous nucleation, and
molecular interfacial effects. In the thermodynamics and kinetics of crystallization the
heterogeneous mechanism of nucleation is considered related to the integration and
barrier for the size effect of the particles.

Hutchinson et al. [3] concluded that crystallization can be monitored to detect
impurities that can change the morphology of the crystals and the size; this monitoring
can be performed by controlling the growth rate base on the temperature.

Shiau et al. [16] explained a photomicroscopic technique in an isothermal
continuous -flow chamber, which was used to study the influence of an impurity. This
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technique utilized one chamber to produce the crystal growth and the second chamber
was to control the water temperature and also tried to prove that the development of the
crystals was related to the time.

Grossier et al. [17] using the finite volume systems in a saturated metastable
phase tried to produce a single nucleation by just touching the solution with a sharp tip
to confine or produce the nucleation as required.

2.3 Crystallization Diversity
Kashchiev et al. [18] presented a mechanical disintegration by crystal growth of
salts in pores and provided an efficient stage diagram of the Na2SO4–H2O system
based on a careful review of the obtainable thermodynamic statistics of aqueous
sodium sulfate and the crystalline phases. The stage diagram involves both the stable
phases thenardite, and mirabilite, Na2SO4+10H2O, and, the metastable phases Na2SO4
and Na2SO4•7H2O. The stage diagram is used to consider the crystallization routes and
the crystallization pressures produced by these solids in usual laboratory weathering
investigations and below field circumstances.

Derluyn et al. [19] investigated the cooling-induced growth of the metastable
heptahydrate crystal by combining nuclear magnetic resonance, for non-destructive
capacity of the concentration, with time-lapse microscopy, to visualize the crystal
growth. They controlled the growth rate with border addition kinetics.

Saidov et al. [20] explored the nucleation activity of sodium sulfate on two kinds
of substrate using (NMR) to investigate the cooling-induced crystallization of sodium
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sulfate in mixtures of solution with diverse quantities of substrate particles in the
process.

Vavouraki et al. [21] investigated the crystallization of sodium sulfate
decahydrate (Na2SO4•10H2O, mirabilite) from supersaturated solutions using steady
supersaturated mixtures seeded with mirabilite crystals. The proportions of crystal
growth were measured both from the temperature rise and from the concentration,
which were linearly correlated.

Sha et al. [22] developed a model for purification by crystallization based on
boundary layer theory to determine the impurity concentration at the crystalline surface.
The linear crystal growth amounts were quantified from the measured crystal size
allocations.

Li et al. [23] used diverse approaches to promote poly lactic acid (PLA)
crystallization, which was examined with the target of accumulating the crystalline
content under normal polymer managing conditions. The influence of heterogeneous
nucleation was considered by the addition of talc, sodium stearate and calcium lactate
as potential nucleating agents.

Marchisio et al. [24] studied the effect of reactant concentrations and barium or
sulfate excess on the spreading size of the crystal and morphology.

Crystallization is also identified as a recovery method described by Jenkins et al.
[25]. The salt that result from the farm drainage is purified and recovered by a
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recrystallization method that is based in the highest and the lowest temperature in a
summer the day.

16

Chapter 3: Methodology
This section shows and explains different analysis and experiments that were
performed in order to purify sodium sulfate by different series of crystallization
processes.

3.1 Experimental Design
Some of these experiments are based on principles of crystallization mentioned
in the introduction (fast and slow crystallization), which means that time and
temperature are going to be critical parameters for this experiment to determine the
extent to which occlusion can be prevented during the formation of crystals.

A notable point in sodium sulfate crystals is that they can be found in a natural
environment; therefore, these first experiments that will be described below try to
explore different concentrations of sodium sulfate to determine and observe some
aspects, and features of crystallization in a natural environment to indicate which
parameters are going to be important or those that have a vital role to develop a
complete crystallization method.

After the developing of an accurate methodology to complete the crystallization
process, the next step is the experimentation to make crystals with parameters that can
be controlled to grow them in a way that the crystallization itself allows the sodium
sulfate to purify during this process.
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In the same way, other experiments are going to be evaluated with experimental
equipment made to improve the crystallization process and achieve the purification of
the sodium sulfate, by trying to form the desired type of crystals, modifying different
parameters in each experiment.

3.2 Homogeneous hydrostatic crystallization
The first experiment was performed in order to obtain crystals and analyze their
behavior such as morphology, size and growing rate. In this experiment, three different
solution concentrations of sodium sulfate (Na2SO4) were prepared.
The first solution concentration was 1 molar (M) 1, which are the lowest
concentration that can reach saturation at room temperature without precipitation, and
crystals can be obtained naturally. This concentration was selected by experimentation;
this means that other experiments were developed in order to obtain this concentration
to identify the lower concentration to reach the saturation. The second concentration
was 2M; this concentration can be in saturation without precipitation if it is warmed a
few degrees above the room temperature. The last one is 3M; this solution is in super
saturation, but heating it until 30°C can cause it to dissolves and avoid precipitation. All
the solutions have a concentration of 1mg/L of arsenic. Table 1 shows the amount of
sodium sulfate in preparation for each solution

1

Using ( Na2HASO4•7H2O) and sodium sulfate anhydrous pure 99%

18

Table 1 Concentration of sodium sulfate prepared.

(Na2SO4) grams used

DI water used

Concentration Molar

142.04 g

1liter

1 Molar

284.08 g

1 liter

2 Molar

426.12 g

1 liter

3 Molar

From each solution, one liter was prepared to have enough to get three samples
of fifty milliliters, one hundred milliliters, and two hundred milliliters from each
concentration. Figure 4 shows an example of one of the solutions prepared.

Figure 4 Sodium sulfate 3M concentration prepared.

After the nine samples were prepared and placed in glass beakers; every three
samples from the three solutions, were placed in different temperatures, to compare the
effect on the temperature in each concentration, and the time required for each
19

concentration sample to grow crystals and also to compare if there are any changes
between the samples from the same concentration.

Table 2 shows the distribution on every sample for every concentration and
where they were placed.

Table 2 Location of samples, concentrations, and conditions.

Amount (ml) of
Concentration

Saturation
Place of test

Temperature

solution

Index

1 Molar

50

Freezer

Below 0°C

0.69

2 Molar

100

Freezer

Below 0°C

1

3 Molar

250

Freezer

Below 0°C

1.17

1 Molar

50

Refrigerator

10°C

.30

2 Molar

100

Refrigerator

10°C

.60

3 Molar

250

Refrigerator

10°C

.77

1 Molar

50

Lab bench

21°C

-.1

2 Molar

100

Lab bench

21°C

.22

3 Molar

250

Lab bench

21°C

.39

In this experiment, only a refrigerator and a freezer were used to reduce the
temperature of the solution and to achieve the nucleation to obtain crystals large
enough to be analyzed.
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The first three samples of the solution of one, two, and three molar were placed
into the refrigerator decreasing the temperature all the way to 10 °C. As is shown in
Figure 5.

Figure 5 Sample placed in the refrigerator.

The following three samples of the solution of one, two, and three Molar were
placed into the freezer decreasing the temperature until about 1°C. As is shown in
Figure 6.

Figure 6 Samples placed in the freezer.
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The last three samples of the solution of one, two, and three molar were placed
on the laboratory bench at room temperature (21°C) as shown in Figure 7.

Figure 7 Samples placed at room temperature.

The samples were monitored in order to observe the nucleation of each
concentration, the growth rate and their morphology.

The samples were visually observed every five-minute until the first hour; after
the first hour, the observation was performed every subsequent hour until five hours
passed, after that time the observation was performed every twenty-four hours. The
observation phase was considered completed when no more crystal growth was
observed.

This experiment was performed two more times with the same parameter and
characteristics of the first one to have reproducibility and more accurate results to
continue with the following experiments.
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3.3 Homogeneous Rotary-Vacuum Crystallization.
Experimental apparatus that is going to be explained during the chapter is the
homogeneous Rotary-Vacuum Crystallization. This equipment crystallizes the sample
by the decreasing in temperature helped by a chiller and a pump that produce vacuum
to support the equipment to have a faster and more efficient decreasing in temperature.
While the vacuum increases the temperature drops and creates a cool evaporative
process where the crystal can be separated from the rest of the solution.

The next experiment was prepared in order to develop crystals by using the
vacuum system.

In this experiment, a three Molar solution of sodium sulfate was

selected since this solution is already supersaturated and was used to determine the
nucleation of the crystallization inside the vacuum system.

Figure 8 shows the components of the homogeneous Rotary-Vacuum
Crystallization. The solution to be crystallized in the vacuum system is fed directly into
the rotary round –bottom flask, and the vacuum is drawn through the condenser part.
Crystallization takes place in the rotary flask. In this way the rotational movement of the
round- bottom flask ensures a constant intermixing of the solution, thus providing
uniform temperature distribution. The rotary flask is indirectly cooled by water or by an
ice bath to the necessary temperature in a regulated way by a chiller unit. The steam
abandons the flask and flows through the coil of the condenser that is full of anti-freeze
solution fed from a chiller connected with the equipment. The condensate reaches the
reservoir, and the crystals remain in the round-bottom flask.
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Figure 8 Diagram of homogeneous rotary-vacuum crystallizer.

One hundred milliliters of the solution was used as a sample. The sample was
introduced into the rotating flask that is connected with a distillatory system. This
distillatory system has vacuum pump to drive the evaporative process. Also connected
to the system is a chiller that provides cooling for the condenser. The chiller is helped by
the vacuum pump in the control of the decrease in temperature, to avoid the destruction
of crystals

After the sample was placed on the glass flask and firmly closed to avoid any
suction of air inside the system, the pump was turned on, and the vacuum was
increased gradually (which means, the pressure was negative and it went up to 98 mm
of Hg in a slower manner), the vacuum was controlled as much as possible with
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different valves placed in the middle of the hose of the vacuum line and changed every
5 minutes to avoid rapid changes in the pressure that could crush or shatter the crystal.
The flask was rotated at two revolutions per minute, to avoid breaking the crystals.
Figure 9, shows the vacuum device working during the experiment, with the rotatory
system. Because of the decrease in the pressure the water was separated from the
solution, the vapor passed through the condenser coil of the device, and the
condensate was collected in the glass flask placed in the bottom of the equipment
where the water could be recover. The temperature inside the flask decreased from
20°C to -1°C, but the solution did not need to be cooled below 10°C to crystallize.
Figure 9. Shows the vacuum crystallizer while the temperature is at 10°C.

Figure 9 Vacuum Crystallizer at 10 C.

This experiment was followed by six more for reproducibility with the same
parameters and characteristics for accurate results.
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Changing only the concentration from 3M to 2M and 1M, eight more experiments
were performed to identify the different nucleation of each concentration.
A characteristic velocity gradient (mixing intensity, G, min-1) can be calculated as:

𝐺=

2𝜋𝑟𝜔
𝑑

Where r is the radius of the flask (cm), ω is the rotation speed (rpm) of the flask,
and d is the max depth of fluid (cm) in the flask. The average characteristic mixing
intensity of the vacuum crystallizer experiments was greater than 20 min-1.

After the developed of the methodology for obtaining crystals with the vacuum
system, another set of experiments were developed in order to obtain and analyze the
crystals; therefore, the solution was mixed with another element to simulate a natural
water with impurities. For this example a solution of 1M sodium sulfate was mixed with a
target impurity, in this particular case (1 mg/L) 2 arsenic was used to assess the
formation of crystals and consequently the analysis of the crystals for purity. The
solution was prepared as follow: 142.04 grams of sodium sulfate were mixed with
1 mg/L of arsenic solution (Na2HASO4•7H2O) in one liter of DI water.

The same

procedure was followed in the Phase 2 experiments described later in this section.

Four additional duplicates of

this experiment were made to achieve

reproducibility and for obtaining accurate results. After the experiments of crystallization,
some experiments for the recovery of the crystals for the analysis were developed.
2 This concentration is 100 times the Maximum Contaminant Level (MCL) for arsenic in drinking water set by EPA,

but this level was used to allow detection of arsenic in the crystals by the analytical equipment.
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Since the formation of the crystal is not pure crystal itself, some liquid is still surrounding
the crystal; this liquid is called mother liquor. One of these experiments was the
separation of the crystal from the mother liquor by centrifugation. After the vacuum
system finishes, the remaining solution was a mixture of little crystals and the mother
liquor solution together, which this is called slurry;.

3.4 Centrifugation and filtration.
A milliliter of slurry was placed in a test tube, to be separated in the centrifuge in
order to obtain pure crystals. After being in the centrifuge until all the mother liquor is
separated from the crystals, the mother liquor inside the test tube was decanted. Next,
the crystal was placed on filter paper and rinsed with DI water. The crystal later was
placed in a test tube for the next analysis. This experiment was done three times for
reproducibility and for the obtaining of accurate results. The actual equipment is shown
in Figure 10.
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Figure 10 Homogeneous rotary-vacuum crystallizer.

3.5 Heterogeneous upflow, co-current chilling-tower
Other equipment is the Heterogeneous upflow, co-current chilling-tower in which
the crystallization is performed close to the freezing point of the solution in a
recirculation circuit. Sodium sulfate solution is placed into a recirculation system that
passes through a copper pipe that is cooled by a refrigerant that allows a gradual and
steady temperature decrease. A portion of the sodium sulfate in the solution crystallizes
while the remaining solution keeps passing through the recirculation system allowing
more of the sodium sulfate to crystallize; this apparatus was developed during the
design phase of this research with modification and specification that will guarantee a
more efficient crystallization process. Also, a series of experiments were developed in
order to obtain the optimal method for the crystallization process. Some of the
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modifications, upgrades and changes made to the equipment were based on the
functionality of the equipment. Figure 11. Shows the functionality and the parts of the
Heterogeneous upflow, co-current chilling-tower Diagram.

Figure 11 Homogeneous upflow co-current chilling tower diagram.

The process begins with a beaker (1), which is where the sample is poured (the
size of the beaker can change, depending of the size of the sample that is desired). The
capacity of the complete system is 2500mlThe recirculation pump (2) is connected
directly to the copper pipe (3), the solution is conducted through the copper pipe (3)
(The solution is inside the copper pipe, and when the temperature decrease the
Na2SO4•10H2O crystals form on the walls slowly, giving enough time for the complete
solution to get in contact with the cold pipe surface that is already forming crystals on
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the walls helping it to form larger crystals.) filling the whole pipe, then passing again
through the recirculation line (4) that terminates in the beaker (1) where the cycle is
complete.

This process is repeated until the crystallization is complete; then the

crystals are recovered by opening the purge valve (5).

The mechanism of the system is driven by a compressor (6) from a regular minifridge filled with a refrigerant Freon 12 or r12. The refrigerant passes through the
condenser (7) to be liquefied and to avoid overheating, and then the refrigerant is
injected into the expansion valve (8) to turn the refrigerant from liquid to gas. The gas
travels inside the copper coil (9) that covers the complete copper pipe (3) where the
solution starts to cool down. This equipment also has a switch that allows the reverse
process to heat the copper pipe to cause release of the crystals from the surface of the
copper pipe. Heating the surface above 33°C causes the decahydrate to release water,
which washes the remaining crystals from the surface of the pipe through the purge
valve (5). The actual equipment is shown in Figure 12.
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Figure 12 Heterogeneous upflow co-current chilling-tower.

This equipment will be explained further during this chapter since is the most crucial
equipment in this investigation.

Figure 13(a) shows the copper pipe in the first Heterogeneous upflow, co-current
chilling-tower built, and Figure 13(b) shows the modified copper pipe in the new
Heterogeneous upflow, co-current chilling-tower.
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a)

b)

Figure 13 Heterogeneous upflow co-current chilling-tower (a) prototype (b) second
generation.

Figure 13(a) shows the copper pipe (heat exchanger) covered by a second
copper pipeline transporting the refrigerant in its interior. However, when the equipment
was tested, it demonstrated that the outside layer of copper pipeline did not have an
even distribution of the temperature, the lower part of the pipe was overcooled while the
upper part of the pipe had a not even sensed a decreasing in the temperature.

Figure 13(b) shows the latest copper pipe covered with a copper coil containing
the refrigerant that allows the even distribution of the temperature in the complete pipe.
A test of the equipment demonstrated that this copper coil could spread the temperature
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evenly over the entire pipe. Figure 14 (a) shows the old compressor set up, and Figure
14 (b) shows the new compressor set up.

a)

b)

Figure 14 (a) Old compressor set up (b) New compressor set up.

Another change in the system was the setup of the compressor Figure 14 (a)
shows the compressor cover with a coil of copper tubing to help to prevent overheating,
but test results demonstrated that the copper coil instead of cooling the compressor was
helping it to overheat, and the overheat melted the compressor. Figure 14 (b) shows the
latest compressor set up with a complete layer of condenser placed behind the
compressor. With this modification the compressor worked perfectly without
overheating. The mentioned changes were the most prominent, and they were
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particularly significant for the rest of the experiment. Figure 15 (a) shows the old
apparatus and Figure 15 (b) shows the new one.

a)

b)

Figure 15 (a) Old Heterogeneous upflow co-current chilling-tower (b) Heterogeneous upflow
co-current chilling-tower.

At the end of the complete test of the apparatus and some more changes,
improvements, and upgrades, a complete system was created in order to achieve the
objective of this research.The first experiment performed with this equipment was with
the purpose of determining if the equipment was able to grow crystals with the desired
characteristics, which were that the crystals were a bigger size than the crystals grown
with the vacuum crystallizer; consequently, the first experiment was to establish if the
equipment can handle the slow crystallization needed in order to obtain the desired size
of the crystals. In this experiment the parameters in consideration where the
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temperature and the time taken for the temperature to decrease. In this manner it can
be known if the slow crystallization is being achieved. This experiment was reproduced
a total of 10 times, all of them with the same parameters, in order to achieve the
reproducibility factor, assure accurate results, and compare different results collected to
have a standard method for the following experiments.

This experiment was developed as follow: Two liters of solution of 1 M Na2SO4
were prepared; this amount was selected because this concentration is the more similar
to the real condition of the water in this research, since the equipment has to be full.

The apparatus has a capacity of two liter for the recirculation system and the
copper pipe, which is the piece of the system where the crystals grow. The prepared
solution was poured into the recirculation system; then the recirculation system was
turned on. After the solution completed the first round of recirculation the refrigeration
compressor was turned on. In order to identify and verify the decrease in temperature,
two thermocouples were installed in the copper pipe. The time was registered for every
recorded value of temperature. The experiment is finished when the solution crystalized
and clogged the circulation system. Clogging occurs because even in the recirculation
system the crystals trying to pass and they get stuck in the plastic lines.

Then the compressor is turned off as well as the recirculation system. Then the
remaining solution is recovered by simply opening the two valves in the bottom of the
copper pipe the crystals formed remain attached to the wall inside of the copper pipe.
Then the crystals were recovered and analyzed.
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The following experiment was performed to compare the ability of the
Heterogeneous upflow, co-current chilling-tower to form larger crystals in comparison to
the ones from the vacuum crystallizer. A series of experiments was developed in the
same manner as the last ones, but this time for the sake of obtaining crystals of bigger
sizes.
A characteristic velocity gradient (mixing intensity, G, min-1) can be calculated as:

𝐺=

𝑄
𝜋𝑟 3

Where Q is the volumetric flow rate of the solution (cm3/min) and r is the radius of
the inner upflow pipe (cm).

The characteristic mixing intensity of the upflow chiller

experiments was approximately 6.4 min-1.

The experiment was constructed by preparing a solution of 1 M Na2SO4 and
1 mg/L to simulate the impurity inside the solution; two liters were prepared in order to
fill the capacity needed for the Heterogeneous upflow, co-current chilling-tower.

The same methodology mentioned in the experiment for the Heterogeneous
upflow, co-current chilling-tower was used for this experiment. In total forty experiments
were made (note: some of the experiments with same parameters were made in the
equipment before a renovation and are not mentioned in the methodology, because the
change in the structure of the equipment and the results were different even when the
difference is not that significant).
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3. 6 Analytical Methods

Ion Chromatography will test the analytical result, which is the checkout of
purification for the crystals of sodium sulfate. In recent years, ion chromatography (IC)
has become one of the most powerful methods for the analysis of trace anions and
cations. This technique has become essential in the analysis of water.

Ion chromatography is generally used for analysis of aqueous samples
containing anions such as chloride, nitrite, nitrate, sulfates and fluorides in small
quantities (in mg/L) and for the analysis of samples with small amounts of cations like
sodium, ammonium, potassium and lithium. IC technique is a type of liquid
chromatography that uses ion-exchange resins to separate atomic or molecular ions
based on their interaction with the ion-exchange resin. Most ion-exchange separations
are done with pumps and metal columns consisting of ion-exchange resins bonded to
inert polymeric particles. The sample ions are carried by an eluent flow to a separation
column, once a sample passes through the metal columns; ions are separated due to
the different retention experienced by their interaction with fixed ions of opposite
charge. As a result of this separation, ions are slowed down to a level representative of
each of these ions and are separated before they reach the sensor. The sensor or
detector measures the electrolytic conductivity for the sample ions. The result is a
chromatogram where the position of the maximum indicates the ion present and its area
indicate that existing amount of that ion. The actual equipment is shown in Figure 16.
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Figure 16 IC Equipment

The inductively coupled plasma optical emission spectrometry (ICP-OES) system
is based in the excitation of the atom that produces an electromagnetic radiation at
determinate wavelength for a particular element. The ICP is commonly used for the
detection of trace metals. Figure 17 shows the actual equipment.

Figure 17 ICP Equipment.
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Chapter 4: Results
The result for the first phase of this research is shown in Table 3 and 4; table 3
shows the concentration that form crystals related with the temperature that they were
placed. Table 4 shows that the samples that had a lower concentration have more time
to start to developed crystals.

Table 3 Formation of crystals at each temperature tested.

Temperature

Concentration
1M

Concentration
2M

Concentration
3M

No crystal formation

Crystal formation

Crystal formation

Crystal formation

Crystal formation

Crystal formation

No crystal formation

No crystal formation

No crystal formation

21°C

10°C

0°C
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Table 4 Table of results for time of crystallization.

Concentration

Amount (ml)

Placed of test

of solution

Temperature

Time to

°C

crystal Start
development

1Molar

50

Freezer

1

6min

2Molar

100

Freezer

1

4min

3Molar

250

Freezer

1

2min

1Molar

50

Fridge

10

8min

2Molar

100

Fridge

10

6min

3Molar

250

Fridge

10

4min

1Molar

50

Lab bench

21

24+ hr

2Molar

100

Lab bench

21

12+hr

3Molar

250

Lab bench

21

3+hr

The samples placed in the freezer did not generate large crystals because of the
fast crystallization, which means that the samples placed in the freezer had a sudden
decrease in the temperature not allowing the crystal to grow to a larger size before the
solution gets frozen. Figure 18 shows one example of the frozen sample.
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Figure 18 Ice sample after placed in the freezer.

The samples collocated at room temperature had a long time to grow large
crystals, the samples with high concentrations required more than an hour, while the
ones with lower concentration required more than 24 hours to start crystallizing. The
samples with higher degree of supersaturation had a higher growing rate, while the
samples with lower degree of supersaturation had a reduce growing rate. The Figure 19
shows an example of one of the samples that were collocated on the laboratory bench.
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Figure 19 No crystals in the sample after standing at room temperature.

The samples that were placed in the refrigerator were allowed to reach the slow
crystallization, which means that they had the time to decrease the temperature in a
manner that the crystals begin to form and had the chance to grow to a big size. Figure
20 shows the monoclinic prismatic class of the crystals the results from the slow
crystallization reached by the samples, this monoclinic prismatic class is a morphology
from the mirabilite shown empirically by the results of the experiment.
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a)

a)

b)
Figure 20 Slow crystallization results.

For the vacuum system, the experiments to develop crystals suggest that the
crystallization process in the vacuum system can reach slow crystallization. The rotation
and the fast decreasing in temperature break crystals inside the round-bottom flask and
leads to the formation of slurry. Table 5 shows the slurry result from the vacuum
crystallizer.
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Table 5 Formation of slurry on vacuum crystallization.

Temperature

Concentration
1M

Concentration
2M

Concentration
3M

Slurry formation

Slurry formation

Slurry formation

10°C

Figure 21 shows the vacuum system with the mixture of sodium sulfate and
arsenic.

Figure 21 Bottom-round flask with sample solution while crystallization process.
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Figure 22 shows the formation of the film that avoids the formation of crystals.
This film is form when the solution start to decreasing in temperature and the first
formation of crystals are starting to show, this crystals don’t have the opportunity to stick
on the wall of the flask, consequently they stay above the solution until they fill all the
space forming a coat avoiding more formation of crystals. And figure 23 shows a
sample with the slurry formed from the vacuum crystallizer

Figure 22 Formation of layer that avoids crystallization.

Figure 23 Slurry obtained from vacuum crystallization system.
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The centrifugation experiment that was intended to retrieve the crystals from the
slurry also shows that no large crystals were formed, because the crystals were in the
centrifugation [5]. After the centrifugation process the samples were filtered in order to
dry the entire sample and obtain the major amount of crystals, but they dried because of
the weakness of the crystals formed. The fast crystallization does not allow the sodium
sulfate to have large crystals, since the crystals from the solution doesn’t have the
enough time and form with the size and the strength needed. Therefore, only a few
crystals remained after the centrifugation, but they were transformed as fast as they got
in touch with the air, it becomes a white powder (thenardite) after being dried. Figure 24
presents an example of a test tube with a sample after centrifugation and shows the
separation between the mother liquor and the crystals. The crystals shown in this figure
are too small and still are mixed with liquid; this means that, after centrifugation, the
crystals in the test tube are in the form of slurry. Below, Figure 25 shows the sample
after being dried on the filter. When the sample gets in contact with the air, it dries and
becomes a fine white powder.
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Figure 24 Sample of slurry after centrifugation.

Figure 25 Sample dried by the air contact.

The first experiment performed using the Heterogeneous upflow, co-current
chilling-tower had a visual result, specifically the observation of crystals formation inside
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the copper line and the size of the crystals. Figure 26 illustrate how the crystals are
formed inside the copper line during the crystallization process.

Figure 26 Crystals forming inside copper walls.

As is shown in the Figure 26 above, the crystals have a large size and they are
stuck on the wall of the copper pipe, because the decreasing of temperature and the
slow crystallization permitted the crystals to attain a large size. Figure 27 shows the size
of the crystals obtain in the crystallization process completed by the Heterogeneous
upflow, co-current chilling-tower.
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Figure 27 Solid crystals formation.

These crystals have a large size compared with those produced with the vacuum
crystallization process. Figure 28 shows the differences between the samples obtain in
the vacuum crystallizer and the Heterogeneous upflow, co-current chilling-tower.

Figure 28 Comparison vacuum crystallizer crystals right side, and Heterogeneous upflow cocurrent chilling-tower crystals left side.
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Figure 28. above pictured, the big difference between the crystals made by the
Heterogeneous upflow, co-current chilling-tower and the vacuum system crystallizer,
sample of the right side is the sample of crystals obtain from the vacuum crystallizer,
which is the one with small size of crystals mixed with the mother liquor forming the
slurry, and the sample on the left is the one produced from the Heterogeneous upflow,
co-current chilling-tower, which is the one with the bigger crystals formed. The crystals
growth by the Heterogeneous upflow, co-current chilling-tower are better because they
are in solid state and they have a larger size, while the ones made with the
homogeneous Rotary-Vacuum Crystallization , only form slurry.

The sodium sulfate crystals made in the Vacuum Crystallizer weren’t strong
enough to allow good separation from the mother liquor. The fragmented crystals
formed slurry that entrained mother liquor. Table 6 shows the results on IC for the slurry
made by the Vacuum Crystallizer.

Table 6 IC results for slurry from vacuum crystallization.
IC Results
Sample
8
9
11
12

Sample Name
crystal1
crystal2
mother liquor1
mother liquor2

AsO4
1.08
1.08
1.08
1.08

Concentration mg/L
SO4
142000
142000
142000
142000

Separation Factor
SF>7
SF> 7
SF>7
SF>7

The samples of crystals taken from the Heterogeneous upflow, co-current
chilling-tower were dissolved in DI water and analyzed on the Ion Chromatograph. Table
7 shows the results from the IC that in this specific case that the sample present a n.a
mg/L of AsO4 which means that the equipment didn’t detect the presence of the arsenic
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inside the crystals when the detection limits on arsenic for the ICP is up to
1micrograms/l and was the only impurity added to the sample to analyze. The analysis
of the mother liquor showed 1 mg/L of arsenic, which indicates that all of the arsenic
remained in the liquid phase and did not become trapped in the crystals. Table 8 shows
the results obtained from the ICP where again there was no detection of the arsenic
inside the crystals.

Table 7 IC results for heterogeneous upflow crystallization.

IC results

Concentrations (mg/L)

Sample

Sample Name

7
8
9
10
11
12
13
14

DI
crystal1
crystal2
DI
mother liquor1
mother liquor2
DI
Shutdown

SO4
n.a 3
142000
142000
n.a
142000
142000
n.a
n.a

AsO4
n.a.
n.a.
n.a.
n.a.
1.08
1.08
n.a.
n.a.

Table 8 ICP results for heterogeneous upflow crystallization.

ICP results

Concentrations (mg/L)

Sample
1
2
3
4

3

Sample Name

AsO4

DI
Crystal sample 1
Crystal sample 2
DI

n.a refer to not detection of the element in the sample
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n.a.
n.a.
n.a.
n.a.

Chapter 5: Conclusions
All the experiments developed in this research were established in order to
obtain information about the use of crystallization as a method of purification for the
sodium sulfate, mixed in a liquid state with impurities. In this specific research the focus
was on AsO4 as impurity.
The investigation in its first phase tested the behavior of the sodium sulfate at
different environments and parameters, to understand how the next step can be
planned or what to expect from the characteristic of the sodium sulfate.

In conclusion, this first series of experiments proved that the sodium sulfate can
form crystals if the parameters and the environment are controlled by changing the
constraints such as temperature and concentration of the solution.

In the second phase of the research, two types of equipment were tested; the
first equipment tested was the vacuum crystallizer, that after a sequence of
experimentation this research evidenced that the vacuum crystallizer can't form large
crystals, forming only slurry. This occurs because the rotating round-bottom flask does
not allow the sodium sulfate to form a large crystal. The small crystals cannot be
separated easily from the mother liquor in order to investigate if the crystal of sodium
sulfate is clean or if it has the impurity still remaining in the crystal.

The other equipment tested was the Heterogeneous upflow, co-current chillingtower; this equipment required much more effort, since this equipment was developed,
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designed, and built during the time of the investigation to achieve the objective of the
obtaining of the large size of sodium sulfate crystals.

The Heterogeneous upflow, co-current chilling-tower, after suffering a series of
renovations and modifications to the equipment, could make the desired size, this
means that the crystal can be formed and maintain its shape enough time to be
analyzed.

Thanks to the larger area of the copper pipe where the solution passes through,
and the recirculation system installed in the equipment to control the time that the
solution is in contact with the cold surface, the crystals are strong enough to maintain
their shape and avoid the occlusion, in this manner the crystals obtain from the
Heterogeneous upflow, co-current chilling-tower were clean, this means that the crystals
were formed only with the sodium sulfate solution, and the impurities that in this specific
research where the arsenate anions remained outside the crystals. This also was
demonstrated thru analytical examination.

In overall conclusion, this research demonstrated that the best equipment that
reach the target in this investigation was the equipment developed during the
experimentation, the Heterogeneous upflow, co-current chilling-tower, which is capable
of creating clean crystals of sodium sulfate. However, this equipment is not an easy
equipment to use and is still and prototype phase. Moreover, the efficiency of the
equipment can be improved incrementally by modification of some mechanical parts.
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There are also some limitations in this research; these experiments were focused
only in one impurity: the arsenic. That means that another impurity could cause a
different result in the formation of crystals; the vacuum system could not have extensive
modification since it was a complete equipment, and it has some restrictions on its
construction that avoid other modifications, this was because the real utility of this
equipment was not for this objective specifically.

Also as is been mentioned during all this research that equipment was built and
modified during this research, some of the modification affected the final results, and
some of the parts of the equipment are made from material with no special features for
this purpose.

The practical conclusion drawn from this research is that the sodium sulfate in
the groundwater in New Mexico can be recovered and purified by crystallization to the
extent that arsenate is not detectable in the crystals.

5.1 Future Research.

As future research, some of the features of the equipment can be change in
order to obtain better results, and also some other experiments can be prepared for the
analysis on different impurities, also some mechanical parts such as, the pump, the
recirculation system and the material of the equipment can be upgraded for efficiency
and maybe can be used with other solutions to form crystals without damaging the
equipment.

Some of these modifications are listed below:
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•

Optimize the technique for accelerating the release of crystals by heating the
surface of the copper pipe to cause decomposition of the decahydrate.

•

Modify the solution line to prevent clogging by crystals when the copper pipe is
saturate with the crystals that do not stick to the inner wall.

•

Increase the sample recirculation rate to increase the number of cycle per minute.

•

Include a temperature control system in the Heterogeneous upflow, co-current
chilling-tower to handle different solutions and to test different crystal growth rates.

•

Change purge technique in order to prevent the loss of crystals do to breakage.

55

References

[1]

Wang, Z., Deurenberg, P., Wang, W., Pietrobelli, A., Baumgartner, R., &
Heymsfield, S. (1999). Hydration of fat free body mass: New physiological
modeling approach. American Journal of Physiology-Endocrinology and
Metabolism , 276 (6), 995-1003.

[2]

Wibowo, C. (2011). Developing Crystallization Process. Chemical Engineering
Progress. , 107 (3), 21-31.

[3]

Hutchinson, A., Davey, R. J., & George, N. (2012). The Effect of Impurities on
Crystal Growth. CEAS University of Manchester. Manchester.

[4]

Wells, R. C. (1923). Sodium Sulphate: It Sources and Uses (Vol. 717). US
Government Printing Office.

[5]

Ferraris, C. F., Stutzman, P. E., & Snyder, K. A. (2006). Sulfate Resistance of
Concrete: A New Approach. Portland Cement Association.

[6]

Tsui, N., Flatt, R. J., & Scherer, G. W. (2003). Crystallization Damage by
Sodium Sulfate. Journal of Cultural Heritage , 4 (2), 109-115.

[7]

Espinosa Marzal, R. M., & Scherer, G. W. (2008). Crystallization of Sodium
Sulfate Salts in Limestone. Environmental Geology , 56 (3-4), 605-621.

[8]

Saidov, T. A. (2012). Sodium Sulfate Heptahydrate in Weathering Phenomena
of Porous Materials. 124. Print Service of Eindhoven University of Technology.

[9]

Vizcayno, C., Garcia-Gonzalez, M. T., Gutierrez, M., & Rodriguez, R. (1995).
Mineralogical, Chemical and Morphological Features of Salt Accumulations in
The Flumen-Monegros District, NE Spain. Geoderma , 193-210.
56

[10] Sahin, O., & Genli, M. (2004). Effect of Impurities on Crystal Growth Rate of
Ammonium Pentaborate. Journal of Crystal Growth , 260.
[11] Libbrecht, K. (2001). Crystal Growth in The Prsence of Surface Melting and
Impurities: An Explanation of Snow Crystal Growth Morphologies. Journal of
Crystal Growth , 222 (4), 822-831.
[12] Cubillas, P., & Anderson , M. W. (2010). Synthesis Mechanism: Crystal
Growth and Nucleation. Zeolites and Catalysis: Synthesis, Reactions and
Applications, (pp. 1-55).
[13] Auer, S., & Daan, F. (2001). Prediction of Absolute Crystal- Nucleition Rate in
Hard-Sphere Colloids. Nature , 409 (6823), 1020-1023.
[14] Benkhelifa, H., Arellano, M., Alvarez, H., & Flick, D. Ice Crystals Cucleation,
Growth and Breakage Modelling in a Scraped Surface Heat Exchanger. UMR
n°1145 AgroParisTech/INRA, Ingénierie-Procédés-Aliments, (p. 44). Paris.
[15] Liu, X. Y. (2001). Generic mechanism of heterogeneous nucleation and
molecular interfacial effects. (K. N. K. Sato, Ed.) Advances in crystal growth
research .
[16] Shiau, L. D., & Chu, Y. D. (1989). Effect of Impurities on Crystal Growth in
Fructose Crystallization. Journal of Crystal Growth , 97 (3-4), 689-696.
[17] Grossier, R., Hammadi, Z., Morin, R., & Veesler, S. (2011). Predictive
Nucleation of Crystals in Small Volumes and Its Consequences. Physical
Review Letters , 107 (2).
[18] Kashchiev, D., Velikov, P. G., & Kolomesiky, A. B. (2005). Kinetics of TwoStep Nucleation of Crystals. The Journal of Chemical Physics , 122.

57

[19] Derluyn, H., Saidove, T., Espinosa-Marzal, R. M., Pel, L., & Scherer, G. W.
(2011). Sodium Sulfate Heptahydrate I: The Growth of Single Crystals. Journal
of Crystal Growth , 329 (1), 44-51.
[20] Saidov, T. A., Espinosa-Marzal, R. M., Pel, L., & Scherer, G. W. (2012).
Nucleation of Sodium Sulfate Heptahydrate on Mineral Substrates Studied by
Nuclear Magnetic Resonance. Journal of Crystal Growth , 338 (1), 166-169.
[21] Vavouraki, A. I., & Koutsoukos, P. G. (2012). Kinetics of Crystals Growth of
Mirabilite in Aqueos Supersturated Solutions. Journal of Crystal Growth , 338
(1), 189-194.
[22] Sha, Z. L., Alatalo, H., Louhi-Kultanen, M., & Palosaari, S. Purification by
Crystallization From Solutions of Various Viscosities.
[23] Li, H., & Huneault, M. A. (2007). Effect of Nucleation and Plasticization on The
Crystallization of Poly (Lactic Acid). Polymer , 48 (23).
[24] Marchisio, D., Barresi, A., & Garbero, M. (2002). Nucleation, Growth, and
Agglomeration in Barium Sulfate Turbulent Precipitation . AlChe Journal , 48
(9), 2039-2050.
[25] Jenkins, B. M., Sun, G., Cervinka, V., Faria, J., Thy, P., Kim, D. H., et al.
(2003). Salt Separation and Purification Concepts in Integrated Farm Drainage
Management Systems. 2003 ASAE Annual International Meeting (p. 22). Las
vegas, Nevada: ASAE.

58

Vita
Perla T. Torres was born in Hidalgo del Parral, Chihuahua, Mexico. Daughter of
Ruben Torres and Elfida Torres. In the fall of 2004 entered the Parral Institute of
Technology. Receiving a bachelor’s degree in chemical science in spring 2009.
In the fall of 2010, she entered the Graduate School at The University of Texas at
El Paso to pursuit a Master’s degree in Environmental Engineering. While pursuing a
master’s degree, she worked with the Center for Inland Desalination Systems, as a
research associate during 2011 and 2012.

E-mail address:pttorres@live.com

This thesis was typed by Perla Torres.

59

